Introduction
[2] It has long been thought that the plasma environment near Saturn's rings would be an interesting one, since it interacts with the dust in the ring system. It had been predicted that the ring 'spokes' seen by Voyager [Smith et al., 1981] might be associated with dynamics affected by dust charging [Goertz and Morfill, 1983; Mendis et al., 1984, and references therein] . In addition, meteoroid impact ionization was predicted to form a thin plasma disk [Ip, 1983] and a neutral particle atmosphere [Ip, 1984] , which would likely be an important plasma source for Saturn's inner magnetosphere.
[3] This remarkable environment remained unexplored until the Cassini-Huygens spacecraft flew close to the rings during orbit insertion around Saturn. Initial measurements of the plasma environment [Waite et al., 2005; Young et al., 2005; Tokar et al., 2005] provided a remarkably consistent picture for the gas and plasma composition dominated by O 2 + and including O + . This implies a neutral gas ring atmosphere dominated by O 2 from UV absorption, since any O and H 2 O would stick to the cold ring particles, and H 2 would escape [Young et al., 2005 ; R. E. Johnson et al., Production, ionization and redistribution of Saturn's O2 ring atmosphere, submitted to Geophysical Research Letters, 2005] . In addition, data from the Radio and Plasma Wave System (RPWS) provide evidence for meteoroid bombardment in high density regions of the inner Saturn magnetosphere [Gurnett et al., 2004] . The spokes were not observed during SOI, which may be due to viewing geometry or a seasonal effect [Porco et al., 2005] .
[4] In this paper we report observations of thermal electrons, which show a remarkable relationship to the physical structure of the rings, and contain information about their formation process.
Instrument, Data and Geometry
[5] The Cassini Plasma Spectrometer (CAPS) [Young et al., 2004 ] is a complementary suite of particle sensors covering ion composition (Ion Mass Spectrometer, IMS), ion beams (Ion Beam Spectrometer, IBS) and electrons (ELectron Spectrometer, ELS). The sensors are mounted on an actuator which during this orbit was fixed in positions designed to provide good coverage in the plasma corotation direction. Consequently the pitch angle coverage changes as the spacecraft, and with it the instrument, move with respect to the magnetic field. Here we are concerned with data from ELS [Linder et al., 1998 ]; an electrostatic analyser with energy range 0.6-28,000 eV/q, DE/E = 0.17 and a 160°Â 5°field of view split into 8 Â 20°sectors, with a best time resolution 2 seconds per energy sweep. If the spacecraft potential is negative, electrons will be retarded in which case ELS measures the high energy tail of the particle distribution. If the spacecraft potential is positive, electrons will be accelerated towards the sensor, which will additionally measure any spacecraft generated photoelectrons with energy lower than the spacecraft potential as well as any naturally occurring low-energy secondary electrons [Johnstone et al., 1997] . Ions on the other hand, will be accelerated by a negative spacecraft potential and retarded by a positive spacecraft potential that will hide any population with energy/charge (E/q) below the spacecraft potential [Tokar et al., 2005] .
[6] Cassini's outbound trajectory on the SOI orbit (1 July 2004, DOY 183) was initially above the B, A and F rings. CAPS was switched off for the SOI burn itself for high voltage safety reasons, but operated again from 03:28 UT, while the spacecraft was outbound over the B ring (trajectory line shown on Figure 1 from 03:28 UT, with 10 minute ticks, until 05:00 UT). Cassini was in solar occultation by Saturn between 03:36:51 to 04:08:40 UT (indicated by the dashed part of the trajectory line in Figure 1 ).
Electron Spectra Over Rings
[7] An electron energy spectrogram is shown in Figure 2 . Before and after occultation, the spacecraft photoelectron peak indicates a positive spacecraft potential at this time. During solar occultation the RPWS Langmuir probe (LP) indicates the spacecraft potential is around zero or few volts negative, though there are uncertainties of a few volts in these conditions [Wahlund et al., 2004] .
[8] At the end of the plot, penetrating radiation is seen across all ELS energies, due to Saturn's radiation belts. The onset time is precisely when the footprint of a dipole model magnetic field from the spacecraft position to the ring plane leaves the edge of the A ring. During the solar occultation itself, ELS measures the high energy end of the electron spectrum; it may miss a portion of the total electron density while the spacecraft potential is negative, underestimating total density compared to the LP.
[9] The electron population is low intensity when the spacecraft is magnetically conjugate with the B ring (see Figure 2 ). When conjugate with the Cassini division, ELS measures a higher electron intensity with structure in energy. When conjugate with the A ring, a medium intensity of electrons is measured, with similar structure in energy. There is also evidence for increased intensity and structure when conjugate with the Encke gap. It should be noted that ELS is sensitive to a range of pitch angles during this period with fairly isotropic distributions somewhat intensified along the field direction (not shown).
[10] Figure 3 shows spectra of the differential energy flux from anode 5, the one least affected by spacecraft-plasma interactions. The spectra are from representative times over (i) the B-ring, (ii) the Cassini division and (iii) the A ring respectively. These plots indicate distinct peaks in spectra (ii) and (iii) at $3-6 and $20 eV. These peaks differ somewhat in relative intensity from sample to sample.
[11] In Figure 4 , we show the density of electrons within the ELS energy range compared to the optical depth (from Voyager occultation measurements [Esposito et al., 1983] , courtesy of PDS rings node (M. Showalter, private communication, 2004)). The density shown here is calculated using a moment integration of phase space density using counts observed in anode 5, assuming 0V spacecraft potential for the interval and assuming isotropy of the measured phase space density. Note that the velocity distribution is that within the energy range of the instrument; so as mentioned above some of the population may be missed if the spacecraft is charged negative. To produce the plot, the ELS data were re-binned as a function of the Cassini magnetic footprint on the ring plane to enable direct comparison with the optical depth results. A large scale, but not precise, anti-correlation appears between the ELS density and the optical depth. However, there is some evidence that the density of these electrons over the Cassini division is enhanced closer to the edge of the B ring. [12] Figure 5 is a spectrogram covering an extended period with penetrating radiation subtracted. This reveals the low energy (few eV) photoelectron peak, indicating a positive spacecraft potential for the right hand half of the plot. An additional, presumably real, population shows up at $10 eV, with broadly similar character to the spectra over the Cassini division.
[13] Figure 1 shows the trajectory geometry in detail. The plot illustrates that the spacecraft may in fact be illuminated through the Cassini division just after the solar occultation period. Immediately after that it is occulted by the A ring, after which full illumination returns when rays beyond the ring edge can reach the spacecraft.
[14] Using this geometric information we can understand the structure in Figure 5 better. After the end of the solar occultation, the spacecraft is initially illuminated through the Cassini division (up to $04:09:40 UT, second black 'sunlit' bar), producing a positive spacecraft potential j sc . It is then occulted by the more opaque A ring (at $04:09:40 -04:19:30), where j sc is less positive. Following this, full illumination returns at $04:19:30 UT and the spacecraft becomes progressively more positive. The latter may be related to the decreasing optical depth of Saturn's upper atmosphere affecting the intensity of solar illumination reaching the spacecraft as time progresses.
Discussion
[15] We observe an increased electron density over the Cassini division, and an approximate anti-correlation of electron density with opacity over the B and A rings. These are consistent with photoelectron emission from the ring particles on the sunlit far side of the rings (i.e., the other, illuminated, side of the ring plane from the spacecraft), as pointed out by Young et al. [2005] . This process would yield electrons peaking at a few eV [e.g., Jurac et al., 1995] , whereas broad peaks at $3-6 and $20 eV are actually observed. If this process were acting alone, then the $3-6 eV peak would be associated directly with photoelectrons from the solid ring particles, but an acceleration mechanism would be required to explain the presence of the $20eV peak. If the ring grains were negatively charged this may provide a possible explanation. Such charging would cause photoelectrons to be accelerated between the photoelectron production point and the spacecraft.
[16] Another process that may produce similar results, and obviate the need for an acceleration mechanism, is UVproduced photoelectrons from the ring atmosphere. The intensity of such photoelectrons, and depending on the optical depth, the ionisation density, may also reach a peak on the far side of the rings. Again, this would give the observed anti-correlation of electron flux with opacity. One might expect ionospheric photoelectrons with energy $20eV, similar to those seen at Earth [e.g.. Coates et al., 1985] , Mars [e.g., Lundin et al., 2004] and Titan (A. J. Coates et al., manuscript in preparation, 2005) . After the spacecraft flies over the Cassini division, there may also be a smaller, more local production of photoelectrons in the narrow, sunlit region between the spacecraft and the rings (see Figure 1) .
[17] It is interesting to note that calculations of photoionization reactions for O 2 gas give values for the energy of the resulting electrons similar to those we observe at $20eV. The excess energies are 15.9 and 19.3 eV for solar minimum and maximum photon energies respectively (we expect to be between these two), for O 2 + hn ! O 2 + + e. The excess energies are 23.0 and 27.3 eV for solar minimum and solar maximum for O 2 + hn ! O + O + + e, 1 -2eV of this would go into nuclear repulsion, with the remainder energy to the photoelectron [Huebner et al., 1992] . The photoelectron energies and timings are consistent with production in the ring exosphere.
[18] Over the Cassini division itself, we note that the density we see is enhanced towards the B ring. This may be a result of increased electron production over the far side of the B ring. In general, the increased electron density that we observe over the Cassini division may be related to the concept of an electron 'storage ring' [Ip, 2005] , where electrons originating from the plasma near the rings themselves may execute bounce motion relatively unimpeded by ring particles.
[19] There are other potential sources for the electrons. Energetic particles are absent in the CAPS data over the rings, so plasma production from bombardment of the ring (and atmosphere) material is absent from this source. Cosmic ray bombardment has been suggested for production of the ring ionosphere; this would give a positive correlation of density with opacity, whereas the opposite is observed. Meteorite bombardment could provide some of the neutral atmosphere but is unlikely to play a role in ionisation.
[20] In summary, a possible explanation for the peaks at $3-6 and $20 eV is direct photoelectron emission from the ring material ($3 -6eV peak), combined with ionospheric photoelectrons produced in the ring atmosphere/ionosphere ($20eV peak).
Summary and Conclusions
[21] The observed electron population seen by ELS over the rings is broadly anti-correlated with ring opacity, has peaks at $3 -6 and 20 eV over less opaque regions of the rings, and extends beyond the rings themselves in the ring plane.
[22] Our suggested explanation is photoelectron production from ring material producing a broad, low energy ($3-6eV) peak, and photoelectron production from the ring atmosphere/ionosphere producing a somewhat narrower, high energy ($20eV) peak.
[23] Further work is needed to quantitatively assess the relative importance of the two sources.
